To identify Rns-regulated genes, a maltose binding protein (MBP)-Rns fusion protein was used to isolate DNA fragments from enterotoxigenic Escherichia coli genomic DNA that carry Rns binding sites. In vivo transcription fusion analysis shows that Rns positively regulates the expression of the open reading frame of yiiS, which lies immediately downstream of one MBP-Rns-bound fragment.
strain C921b-1 (O6:K15:H16) (27) , which carries rns and expresses CS1 pili. The genomic DNA was digested to completion with Sau3AI, precipitated, and then suspended in binding buffer to a final concentration of 420 g ml Ϫ1 . A total of 2.7 mg of the digested DNA was passed through the MBP-Rns affinity column at a flow rate of 250 l min Ϫ1 at 4°C. The column was then washed with 20 ml of binding buffer to remove unbound DNA. Bound DNA was eluted from the column by increasing the concentration of KCl in the binding buffer to 150 mM to disrupt Rns-DNA interactions (15) . Eluant fractions that contained DNA, as determined by absorbance at 254 nm, were pooled and concentrated 10-fold by recovery on QIAquick PCR purification columns (Qiagen). The bound fragments were then ligated into the BamHI site of cloning vector pUC19 (32) or pNEB193 (New England Biolabs) and transformed into E. coli strain DH5␣ (23) .
To determine the effectiveness of the MBP-Rns affinity column after just one round of selection, the cloned DNA fragments were recovered from 65 transformants and used in gel mobility assays with MBP-Rns as previously described (15) . Some of the DNA fragments that were recovered from the MBP-Rns affinity column were not bound by MBP-Rns in this assay, and others, such as those carried by pEU2305, pEU2308, and pEU2312, required significantly more MBP-Rns to alter the DNA mobility than did Prns DNA (Fig. 1) . However some plasmids, such as pEU2304, were found to contain DNA fragments that were completely shifted by as little as 25 nM MBPRns (Fig. 1) . The absence of the CS1 pilin promoter and Prns (which have Rns binding sites near them) from this sample of 65 transformants suggests the need to screen more transformants to identify all of the genes of the Rns regulon and/or to perform multiple rounds of enrichment on the MBP-Rns affinity column.
Of the 65 plasmids that were screened by gel mobility assays, the apparent binding affinity of MBP-Rns was highest for the DNA fragment cloned into pEU2304 ( Fig. 1 and data not shown); therefore it was characterized further. DNA sequence analysis revealed that pEU2304 carries three Sau3AI fragments from different regions of the E. coli chromosome. There are two potential Rns binding sites in one of these DNA fragments, which is 227 bp and which is from an intergenic region upstream of genes yiiS and yiiT ( Fig. 2A) . Additional gel mobility assays indicated that MBP-Rns binds to the region upstream of yiiS. Two Sau3AI fragments from the yiiST region ( Fig. 2A) were amplified from genomic DNA of ETEC strain C921b-1 using primers designed from the published sequence of E. coli K-12. As little as 0.4 nM MBP-Rns was sufficient to produce complexes with the 227-bp DNA fragment (Fig. 2B) . With increasing concentrations of MBP-Rns, the original shifted band was replaced by a second, lower-mobility complex (Fig 2B) . A 292-bp fragment from the yiiST region has no predicted Rns binding sites and was used as a negative control.
With this fragment, no complexes were seen until a very high MBP-Rns concentration was used. With both DNA fragments, high concentrations of MBP-Rns produced complexes that remained near the wells of the gel (Fig. 2B ). These are most likely large aggregates formed by nonspecific protein-DNA interactions, which are expected at high protein concentrations. These results demonstrate that MBP-Rns binds to the 
Expression of ␤-galactosidase was measured in E. coli K-12 strain MC4100(EU2339 yiiS-lacZ) transformed with lowcopy-number plasmid pEU2040, which carries rns expressed from its own promoter (20) , or with vector pHSG576 (28) as a control. The resulting strains grew at similar rates (Fig. 3A) , and expression of ␤-galactosidase increased as cells entered stationary phase (Fig. 3B) . However, at all growth phases, strain MC4100(EU2339 yiiS-lacZ)/pEU2040 expressed 1.6-to 2.3-fold more ␤-galactosidase than strain MC4100(EU2339 yiiS-lacZ)/pHSG576. These results demonstrate that Rns positively regulates the expression of yiiS under these conditions although the increase in expression from the yiiS promoter in the presence of Rns is considerably less than that observed for other Rns-activated promoters (14) (15) (16) . The increase in expression from the yiiS promoter is most likely the result of direct regulation by Rns because the MBP-Rns fusion protein bound to the region upstream of yiiS.
Both yiiS and yiiT, which begins 26 bp downstream of yiiS, have been characterized as part of an investigation of the stress-induced regulon of E. coli K-12 (N. Gustavsson, A. Dies, and T. Nystrom, submitted for publication). YiiT has significant homology with UspA of E. coli (36% identity and 46% similarity over its entire length). UspA expression is highly induced in growth-arrested cells regardless of arresting conditions and enhances cellular survival under the stress conditions that were tested (18, 19) . Expression of yiiT is also likely to be positively regulated by Rns because yiiT is transcribed on a polycistronic message from the promoter upstream of yiiS, as well as from its own promoter (Gustavsson et al., submitted). Whether the positive regulation of these genes by Rns contributes to the virulence of ETEC remains to be investigated.
The region upstream of yiiS that is bound by MBP-Rns in vitro is highly conserved (Ͼ97% identity) among ETEC strain C921b-1, E. coli K-12 (1), both of the sequenced EHEC O157:H7 strains (8, 21) , and genomes of S. flexneri 2a, E. coli K1 meningitis strain RS218, and E. coli uropathogenic strain CFT7073, which are currently being sequenced by the University of Wisconsin-Madison E. coli Genome Project (http://www .genome.wisc.edu). Of these, only S. flexneri is known to carry a regulator, VirF (22) , that is functionally interchangeable with Rns (14) . It is possible that the region upstream of yiiS will also be conserved in other pathogenic strains of E. coli and S. flexneri that carry homologs of Rns such as CfaR and CsvR of ETEC and AggR of enteroaggregative E. coli. Since the predicted DNA binding domains of these regulators are nearly identical to that of Rns and since they have been shown to be functionally interchangeable with each other and/or Rns (3, 14, 17, 31) , it seems likely that yiiS and yiiT will also be part of the regulons of these Rns homologs.
Among other DNA fragments captured by the MBP-Rns affinity column, we identified a fragment containing the promoter region of aslA that was captured twice and that carries a site to which MBP-Rns binds with high affinity (data not shown). This gene, which is conserved in different strains of E. coli, is homologous to that encoding AtsA, an arylsulfatase of Klebsiella pneumoniae (9) . AslA has been shown to be important for E. coli K1 to invade human brain microvascular endothelial cells and to cause meningitis in a neonatal rat model (9) . Thus, it is possible that aslA will be found to be a Rns-regulated virulence factor.
The excess mortality caused by enteric bacterial pathogens . Optical density of each culture was measured in the spectral range of 640 to 700 nm with a Klett-Summerson photoelectric colorimeter. Plasmid pEU2040 carries rns expressed from its own promoter and is a derivative of low-copy-number vector pHSG576. (B) Aliquots of each culture were removed at the times indicated and assayed for ␤-galactosidase activity as previously described (13) . For each time point the means and standard deviations of three enzymatic determinations are shown. Shaded bars, MC4100(EU2339 yiiS-lacZ)/pEU2040; unshaded bars, MC4100(EU2339 yiiS-lacZ)/pHSG576.
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on January 8, 2018 by guest http://jb.asm.org/ and the problems attendant on the use of antibiotics make it important to try to identify new targets for therapeutic approaches and vaccine development. As demonstrated here, the MBP-Rns DNA capture method adds a valuable tool to aid in the identification of these targets. By passing genomic DNA from different bacterial strains through the MBP-Rns affinity column, it should be possible to identify strain-specific genes within the regulon of any regulator that is closely related to Rns (14) . Additionally, as for yiiST and potentially aslA, genes that are highly conserved among many bacteria may also be part of the Rns regulon. If these conserved genes are shown to be important for virulence of many different bacterial pathogens, their identification may allow the development of a single therapy capable of combating diverse bacterial diseases.
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